Seasonal pattern of biomass and rubber and inulin of wild Russian dandelion (Taraxacum koksaghyz L. Rodin) under experimental field conditions  by Kreuzberger, Marie et al.
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The  roots  of  Taraxacum  koksaghyz  (Tks)  are a promising  alternative  source  for  local  rubber and  inulin
production  in  the  temperate  zone.  Recent  data  on  the agronomic  performance  of Tks  are  rare,  older  data
partly  not  reliable.  Thus,  this  study  aimed  at ﬁlling  this  gap by providing  a  comprehensive  data  set on Tks
yield  performance  (root  and  leaf  biomass,  rubber,  and inulin)  and  by highlighting  the  challenges  being
associated  with  its cultivation.  The  yield  performance  of wild Tks was  investigated  over  a  period  of  17
months  in  two  studies  conducted  at one  site in Germany.  The biennial  life  cycle  of  Tks  was  documented
and  the  seasonal  pattern  of  biomass,  expected  rubber  and  inulin  yield  were  investigated  over two  succes-
sive  seasons  after  harvesting  Tks at six different  dates  and  growth  stages.  Due  to varying  planting  densities
in  the two trials  (60,000  plants  ha−1 (trial 1),  500,000  plants  ha−1 (trial  2)),  all yield parameters  differed
signiﬁcantly  between  the  trials  at seasonal  level  e.g. fresh  root  yield  ranged  from  1.3  to  1.9 t ha−1 in trial
1  to  2.2–3.7  t  ha−1 in trial  2. All  measured  parameters,  i.e.  biomass  yield,  rubber/inulin  concentration  and
content,  expected  rubber/inulin  yield,  and  inulin  quality  showed  a  signiﬁcant  seasonal  dependency.  At
maximum,  32  (trial 1) and  62 kg  of  dry rubber  could  be expected  from  dry Tks roots  harvested  from  one
hectare  at the  end  of ﬂowering  during  the  second  season,  14  months  post  ﬁeld  emergence.  At  the  same
−1 −1time  the maximum  of expected  inulin  yield  (128  kg ha (trial  1),  209 kg  ha (trial  2))  was  observed.
These ﬁndings  support  the  thesis  of a synchronal  harvest  of Tks roots  for rubber  and  inulin production
with  high  yield.  In addition,  the  degree  of  polymerization  (DP)  of inulin  from  Tks  with  >15  indicated  it
was  comparable  to  chicory  inulin.  In contrast,  low yields  of  biomass,  rubber  and  inulin of  wild  Tks  make
breeding  and  optimization  of  agronomic  measures  in Tks a necessity  to turn  it into  a  proﬁtable  crop.
© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Taraxacum koksaghyz (Tks), also known as Russian or Kazak
andelion, is a diploid (n = 16) sexually reproducing and self-
ncompatible species belonging to the genus Taraxacum within
he family of Compositae (Krotkov, 1945; Van Beilen and Poirier,
007a). After its discovery in 1931 by L. Rodin in its native habi-
at, the high valleys of the Tian Shan Mountains of Kazakhstan, and
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due to the determination of the high rubber content in the roots,
the potential of the perennial was  investigated and developed to
serve as a strategic source of natural rubber (NR) in the Soviet
Union for over two decades until the 1950ties (Volis et al., 2009).
Furthermore, other countries like e.g. the United States, Germany,
the United Kingdom, and Finland established their own emergency
rubber programs during World War  II (Van Dijk et al., 2010) to sat-
isfy the demand for the strategic raw material. Nevertheless, the
newly developed crop was  abandoned due to increased availability
of Hevea brasiliensis rubber and the oil-based production of syn-
thetic rubber after war  (Kirschner et al., 2013). Recently, Taraxacum
koksaghyz (Tks) reentered the stage and research activities were
put in place in order to enhance its agronomic performance, being
a prerequisite for its commercial use as an alternative source for
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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he production of NR and, moreover, as new source of inulin (Van
eilen and Poirier, 2007a). Important drivers for this development
re e.g. the increasing prices for synthetic rubber, rising worldwide
emand for NR, the potential break-down of the Southeast Asian
R production by South American Leaf Blight, and the search for
on-allergic NR due to increasing allergic reactions to Hevea latex
roteins (Van Beilen and Poirier, 2007a). However, the supposition
hat Tks latex might be a safer alternative to Hevea latex with regard
o the development of the Type I HNRL allergy was demonstrated
o be wrong by Cornish et al. (2015). They showed that Tks rubber
nd latex contains various Hevea rubber latex cross-reactive pro-
eins that play a role in the development of the Type I Hevea latex
llergy.
Aside from the yet exclusive source of NR, the Hevea tree, so far
nly two further rubber producing plant species could be identiﬁed.
he desert shrub Guayule (Parthenium argentatum Gray) and Tks
ere found to produce larger amounts of high quality rubber and
ere therefore considered as suitable for commercial exploitation
Van Beilen and Poirier, 2007b).
Tks latex contains rubber (cis-1,4-polyisoprenes) with an aver-
ge molecular weight of 2180 kDa and higher. The rubber molecules
re located in the laticifers of the root (Schmidt et al., 2010; Wahler
t al., 2009; Van Beilen and Poirier 2007a). In its natural habitat
ks has either a tap or branched root with a dry weight of 0.8–1 g
ith a relative rubber amount of 3–28% in the dry roots (Lipshitz,
934). Generally, after one season the rubber concentration of wild
ks is in average between 3 and 5 mg  per 100 mg  dry root (Ulmann,
951). However, rubber concentration can be improved under opti-
ized agronomic conditions (Whaley and Bowen, 1947) and by
reeding. Two  early varieties gained by selection had a rubber con-
entration of 15–16% (based on dry root weight) (Koroleva, 1940).
specially, tire manufacturers are interested in dandelion rubber
ince they consume about 70% of the world’s total NR produced
Van Beilen and Poirier, 2007). To date several European tire man-
facturers produced durable tires from dandelion rubber as proof
f this concept (e.g. URL 1, URL 2).
Aside from the rubber extraction from the root, the isolation and
ommercial exploitation of inulin can also be taken into account.
nulin is an interesting by-product of Tks (Van Beilen and Poirier,
007a). It is the major storage carbohydrate in Tks roots ranging
rom 25 to 40% of dry root weight (Ulmann, 1951; Whaley and
owen, 1947). Commonly extracted from the root of chicory (Cicho-
ium intybus), inulin is a beta-2,1-fructan which is used in the food
ndustry to improve taste, texture, and mouthfeel of food as well as
aw material for the production of fructose (Mensink et al., 2015;
lamm et al., 2001). Nevertheless, contrary to studies on natural
ubber from Tks, data on the quality of inulin are rare. However, it
ndicates a high molecular weight (Hahn et al., 2016).
It is an old idea to domesticate Tks for rubber production. Most
tudies on the cultivation of Tks were conducted before 1942 in
he Soviet Union (Whaley and Bowen, 1947). Experimental studies,
xperiences, and observations were translated from Russian and
ummarized by Krotkov (1945) in English and by Ulmann (1951) in
erman. Their work is of great importance since until then many
f the Russian works were not available to the English-speaking
cientiﬁc community. Whaley and Bowen (1947) added a summary
f the investigations on Tks conducted from 1942 to 1944 in the
nited States and Canada.
Although early investigators had already selected high-yielding
ks genotypes (Koroleva, 1940) and some of them might have
ntered the germplasm bank at the Vavilov Institute in St. Peters-
urg (Russia), these are not available anymore (Kirschner et al.,
013). Therefore all research projects recently started anew with
eeds of wild Tks accessions either provided by the USDA-ARS (col-
ected in 2008) or taken from the collection journeys of Kirschner
t al. (2013) in 2008 and 2009 in the region of the Tian Shangronomy 80 (2016) 66–77 67
Mountains in Kazakhstan within the European EU-PEARLS (project
reference 212827; funded from 2008 to 2012).
To study the yield performance of the Tks population available
to the authors, a mixed set of accessions obtained from the USDA-
ARS National Plant Germplasm System were used to conduct two
ﬁeld trials at the Federal Research Centre for Cultivated Plants in
Quedlinburg, Germany (DE) from 2012 to 2014, each lasting two
growth seasons. In order to provide recommendations on a suit-
able harvest time of Tks roots for rubber and inulin production, the
objectives of those trials were to study the growth stages of Tks as
an annual and biennial crop and to gain information on the biomass,
rubber, and inulin yield over the time period of two  seasons. Hence,
Tks plants were harvested at six different growth stages within
two seasons. To date no recent publications containing such infor-
mation for Tks are available. Arias et al. (2016) published data of
expected root, rubber and inulin yield for several Tks populations;
however, they investigated only one to four transplanted individ-
uals in one environment. In the presented study it was  decided to
establish the crop on a larger scale (total plot size of 24 m2 with
six repetitions) by sowing and not by transplanting since the cul-
tivation of Tks should be low-cost in the long-term. Even though
the establishment of a dense crop failed during the ﬁrst trail due
to low ﬁeld emergence, on average 144 plants per experimental
plot could be harvested after the ﬁrst season in trial 1, which is
equal to a plant density of about 60,000 plants per hectare. In the
second trial this number could be increased to about 1200 plants,
equivalent to about 500,000 plants per hectare. Thus, the applied
test design assures for the validity of study results when provid-
ing a representative estimate regarding the expected average yield
under ﬁeld conditions.
Breeding and the improvement of agronomic practices for an
optimized cultivation of Tks are required to turn the wild into a cul-
tivated plant and proﬁtable crop in the future (Whaley and Bowen,
1947; Krotkov, 1945). There is the need for Tks genotypes with high
root yield, high rubber concentration, and high seed vigor which
are none available to date. This study presents the status quo of the
agronomic performance of wild Tks established by sowing in the
ﬁeld.
2. Material and methods
2.1. Plant material
Tks seeds were received in 2011 from the collection of the USDA-
ARS National Plant Germplasm System. The material comprised
seeds of propagated Tks accessions (accession numbers W6-35156,
-35159, -35160, -35164, -35166, -35168, -35169, 35170, -35172,
-35173, -35176, -35178, -35181, -35182) collected in 2008 in Kaza-
khstan by Babara Hellier (Hellier 2011). For seed propagation plants
were cultivated from a mixed set of seeds of these accessions in the
greenhouse at the Julius Kühn-Institute (JKI), Quedlinburg (DE) and
on ﬂowering hand-crossed by brushing individual heads together
randomly. Seeds from these crossings were collected manually by
harvesting single capitula with mature seeds and used for ﬁeld trial
1. Seeds for trail 2 were harvested frequently during the whole
ﬂowering period (June – September) with a vacuum cleaner from
plants ﬂowering during the ﬁrst season of trial 1, resulting from
natural pollination. Hybridization with native Taraxacum spp. was
excluded due to earlier ﬂowering times (April – May) of the local
species. Seed properties are described in Table 1.2.2. Site conditions and ﬁeld trials
Two  ﬁeld trials were conducted in consecutive years
(2012–2014) at one site. Each trial covered the time period
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Table 1
Seed and planting properties of Tks used in the two trials (trial 1: 2012–2013, trial 2: 2013–2014), harvest dates according to growth stage, and translation into months post
ﬁeld  emergence (MpFE).
Seed properties Description Trial 1 Trial 2
Source seed set of propagated accessions from
USDA-ARS National Plant Germplasm System
F1 generation F2 generation
Crossing Pollination method/site manually, individual heads,
greenhouse
natural pollination, ﬁeld
Single  seed weight (mg  seed−1) weighting six times 100 individual seed,
MV ± SD
0.50 ± 0.06 0.47 ± 0.07
Germination rate (%) on ﬁlter paper, saturated moisture, 20 ◦C
constant, after 21 days, MV ± SD
77 ± 6 73 ± 3
Planting properties
Planting date 3/26/2012 3/10/2013
Planting density (kg ha−1) 1.3 5
Planting density (germinable seeds m−1) 100 388
Planting depth (cm) 1.5 0.5–1.0
Beginning of ﬁeld emergence ﬁrst seedlings visible (cotyledones only) 5/9/2012 5/13/2013
Harvest time Description of growth stage Date MpFE Date MpFE
end of ﬁrst season leaves green (trial 1), leaves shed (trial 2) 4/10/12 5 1/10/13 5
re-foliation rosette growth after dormancy 2/5/13 12 10/3/14 10
peak  of ﬂowering 50% of the plants have one ﬂower head at least 13/6/13 13 23/4/14 12
end  of ﬂowering peak of achene maturity, the majority of plants show more pappi than ﬂower heads 10/7/13 14 3/7/14 14
summer resting (leaves shed) leaves shed, trial 1 only 3/9/13 16 10/9/14 16
leaves green no summer resting, trial 2 only
end of second season leaves shed (trial 1), leaves green (trial 2) 2/10/13 17 29/9/14 17
MV mean value, SD standard deviation.
Table 2
Monthly and annual (ANN) values of air temperature and rainfall for the trial years (2012–2014) measured at the experimental site at the JKI, Quedlinburg, Germany (DE).
The  trial periods are highlighted in grey.
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sf two seasons, in total lasting from spring of the sowing year to
he beginning of autumn in the second year (Table 1). The trials
ere operated at the experimental station of the JKI, Quedlinburg
DE). The site (51.4N; 11.8E, 140 m elevation) is characterized by a
emperate climate inﬂuenced by the nearby mountain range of the
arz. The long-term averages of this region are 8.9 ◦C and 497 mm
or air temperature and rainfall, respectively. The monthly and
nnual measurements during the trial years are given in Table 2.
he soil type is a Chernozem with a loamy soil texture (Lö 1a), a
umus content of 2.1% and a pH value of 7.1.
Tks was sown in March (Hege 90, Co. Hege Saatzuchtmaschinen,
ermany) after mouldboard ploughing to 0.25–0.30 m of depth in
utumn of the previous year and preparation of a ﬁne seed bed
o a depth of 0.03–0.10 m with a seedbed combination (Germina-
or, Co. Kongskilde, Denmark). Inter-row distance was 0.5 m.  The
wo trials differed in their planting density and planting depth.
ue to limited seed supply planting density in trial 1 was  limited
o 1.3 kg ha−1 which was equivalent to 100 germinable seeds per
eter. Due to a low plant density of about four plants m−1 at the
ime of harvest at the end of the ﬁrst season of trial 1, in trial 2
lanting density was increased to 5 kg ha−1 which was  equivalent
o 388 germinable seeds per meter to achieve higher plant den-
ities at harvest. Also, the planting depth in trial 2 was decreased
rom 1.5 cm in trial 1 to 0.5–1.0 cm since were assumed to have low
eed vigor. Planting details are given in Table 1. Tks was  cultivatedon ﬁelds were it had never been cultivated before. The preceding
crop was  grass-clover in both trials. No fertilizers were applied. An
optimum nutrient supply was secured by sufﬁciently high nutrient
levels in the soil (P2O5 8.2 mg  100 g soil−1, K2O 10 mg  100 g soil−1,
Mg 11 mg  100 g soil−1). The soil mineral nitrogen content (Nmin) at
sowing in March was 137 and 61 kg N ha−1 (0–0.90 m),  in 2012 and
2013, respectively. Weeds were controlled by hand-weeding intra-
and inter-row during the emergence and seedling stage of Tks. In
later growing stages weeding was performed by an inter-row tiller
(Sarchiatrici, Co. Breviglieri, Italy) and intra-row by hand weed-
ing. No pests or diseases were observed during trial duration. Trial
design was one-factorial (harvest date) with six factor levels (six
different harvest dates), carried out in randomized complete block
design with six replications. Experimental plots contained six rows
each with 8 m length (24 m2).
2.3. Harvest and plant analyses
Plants were harvested at six different dates based on growth
stage. A description of the growth stages and precise dates is given
in Table 1. Figures show harvest dates as months post ﬁeld emer-
gence (MpFE), calculated by taking into account the day of the ﬁrst
visible seedlings and the harvest day. A month comprised 30 days
for simpliﬁcation. In both trials plants were harvested at the end
of the ﬁrst season (5 MpFE), and during the second season at re-
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oliation (trial 1: 12 MpFE, trial 2: 10 MpFE), at the peak of ﬂowering
trial 1: 13 MpFE, trial 2: 12 MpFE), at the end of ﬂowering (14
pFE), after ﬂowering (16 MpFE), and at the end of the second
eason (17 MpFE).
Field emergence (FE) was measured by counting seedlings
epeatedly between randomly staked meters (n = 36), starting with
he ﬁrst day of observed FE, stopping when no signiﬁcant increase
n FE was observable any more. Observation dates of FE were trans-
ated into days after sowing (DaS). FE is shown as plants m−1 and as
he percentage (%) of seedlings gained from the absolute amount
f germinable seeds planted into the ﬁeld in order to qualify for
he differing sowing densities between the trials. At harvest, the
ajority of the plants were lifted from the soil with a single-row
ifting belt harvester (Wühlmaus, Kartoffel-Vorratsroder KVR 750T,
aschinenfabrik Niewöhner GmbH & CoKG, Germany) as whole
lants − rosettes still attached to the roots. The potato harvester
ut below the roots in a depth of 0.1-0.15 m.  Plots were core-
arvested (four central rows). The number of total plants harvested
as counted for each plot and used to calculate plant density at
arvest as plants per m−1. The plants were washed and topped
anually with secateurs. Fresh root and leaf yield (including root
op) per plot was determined and used to calculate yield per hectare
t ha−1). The root to shoot ratio was calculated by dividing fresh
oot yield by fresh leaf yield. Dry matter content of fresh roots was
etermined by drying a subsample of 100 g of chopped fresh roots
pieces of 0.02–0.03 m length) in a drying oven at 120 ◦C until reach-
ng constant weight. From this, dry root yield per hectare (t ha−1)
as calculated. Fresh and dry root weight (dwt) of individual plants
g plant−1) was interpolated by division of fresh and dry root yield
er hectare with plant density.
Rubber concentration of dry Tks roots (mg  100 mg  dwt−1) was
etermined by a solvent-assisted extraction followed by gravimet-
ic determination basically adapted from Post et al. (2012). 500 mg
f dried root powder (hand blender with universal mill, Co. ESGE,
witzerland, particle size <5 mm,  stored at room temperature) was
uspended with 5 ml  xylene and incubated at 80 ◦C and 700 rpm
or 16 h in a parallel synthesis system (synthesis 1, Heidolph Instru-
ents, Germany). 2 ml  of the suspension was centrifuged for 10 min
t 16,060rcf to remove the remaining biomass debris. 1.8 ml  of the
upernatant were transferred to a new vessel and concentrated to a
hird of the initial volume with a centrifugal evaporator at 45 ◦C and
0 mbar. Rubber was immediately precipitated by addition of two
olumes of ethanol. After incubation at 4 ◦C for 30 min  and centrifu-
ation for 2 min  at 16,060rcf at room temperature, the supernatant
as decanted. The pellet was washed with 1 ml  water and 1 ml  ace-
one, respectively, at moderate shaking. The rubber precipitate was
ir-dried overnight and weighed. Rubber analysis for each sam-
le was done in triplicate. The expected rubber yield per hectare
kg ha−1) is the total amount of dry rubber expected to be gained
rom the total amount of dry roots harvested from one hectare.
t was calculated by multiplication of dry root yield per hectare
t ha−1) with rubber concentration of dry roots. Rubber content (mg
ry root−1) is the total amount of dry rubber per dry root. It was
alculated by dividing the expected rubber yield per hectare with
lant density.
Analysis of inulin concentration of dry Tks roots (mg
00 mg  dwt−1) was performed by hot water extraction followed
y enzymatic hydrolysis and HPLC analysis of resulting monosac-
harides. 200 mg  of root powder (particle size <5 mm)  was mixed
ith water to achieve a solid-liquid relation of about 1–10 or 1–7.5
epending on the moisture content of the root powder. The sus-
ension was incubated for 1 h at 700 rpm at 85 ◦C. Supernatant was
emoved after 10 min  of centrifugation at 16,060 rcf. 250 l of the
upernatant was mixed with 750 l acetic acid buffer (20 mM,  pH
.2). Another 250 l of the supernatant was mixed with 740 l
cetic acid buffer (20 mM,  pH 4.2) and 10 l (125 U ml−1) inuli-gronomy 80 (2016) 66–77 69
nase (from Aspergillus niger, 25 U/mg, Sigma-Aldrich, USA). After
incubation of both solutions for 1 h at 55 ◦C, residual suspended
solids were removed by application of syringe ﬁlters. Solutions
with and without inulinase treatment were analyzed by HPLC to
determine glucose and fructose content. Chromatographic anal-
ysis was  performed by applying an Aminex HPX-87H column
(Bio-Rad Laboratories, Germany) as stationary phase at 30 ◦C and
5 mM sulfuric acid as mobile phase operated with a ﬂow rate
of 0.6 ml  per min−1. Compounds were identiﬁed by a refractive
index detector (8120, Bischoff, Germany). Calibration was per-
formed with 0.5 g L−1, 1 g L−1, 2 g L−1, 5 g L−1, 10 g L−1 glucose and
fructose standards. A 20 g L−1 inulin standard (generously provided
by Südzucker AG, Germany) was also digested with inulinase and
chromatographically determined to conﬁrm validity of measure-
ments. Determination was  performed in triplicate.
Inulin concentration (cI, g L−1) in the samples was determined
using the adapted formula from Curcio et al. (2014):
cI= 0.9 · (cFr, I − cFr)+(cGlu, I − cGlu)
with cFr,I (g L−1) as fructose concentration in sample after enzymatic
hydrolysis, cFr (g L−1) as fructose concentration in sample with-
out enzymatic hydrolysis, cGlu,I (g L−1) as glucose concentration
in sample after enzymatic hydrolysis, cGlu (g L−1) as glucose con-
centration in sample without enzymatic hydrolysis. The amount of
water incorporated is considered by the factor 0.9.
The average degree of polymerization (DPavg), in the subsequent
text referred to as DP value, was  calculated as follows:
DPavg = (cFr, I − cFr)(
cGlu, I − cGlu
)+1
The expected inulin yield per hectare (kg ha−1) is the total
amount of dry inulin expected to be gained from the total amount
of dry roots harvested from one hectare. It was  calculated by mul-
tiplication of dry root yield per hectare (t ha−1) with the inulin
concentration. Inulin content (mg  dry root−1) is the total amount
of inulin per dry root. It was calculated by dividing the expected
inulin yield per hectare with plant density.
2.4. Statistical analyses
Statistical analysis was  carried out with SigmaPlot Version 13.
Trials were analyzed separately due to the signiﬁcantly differing
preconditions (sowing density, plant density) between trials. One-
way analysis of variance (ANOVA) was  performed with repeated
measurements (harvest dates) within trials. Multiple comparisons
of means were carried out with raw data if normality tests were
passed and with ranks if normality test failed, respectively. Differ-
ences between means were compared by using Tukey’s honestly
signiﬁcant difference (Tukey’s HSD) with an alpha error probability
level of p < 0.05.
3. Results
3.1. Growth stages of Tks as biennial crop
The life cycle of Tks was documented at the experimental station
of the JKI, Quedlinburg (DE) across a period of 17 months start-
ing with the beginning of ﬁeld emergence (FE). A scheme of the
chronology and duration of the different growth stages is given in
Fig. 1; an illustration is given in Fig. 2a–e. After sowing in March ﬁrst
seedlings emerged in both trials at the beginning of May  (Fig. 2a).
A leaf rosette of up to 20–30 leaves developed until the end of June
(Fig. 2b). In the majority of plants (trial 1: 97%, trial 2: 95%) ﬁrst
inﬂorescences emerged by the end of May. However, ﬂowering in
these plants did not start earlier than the end of June, approxi-
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Gro wth stage
Sowing 
Field emerge nce 
Leaf development/rosette growth
Inflorescence emerge nce 
Flowering - Peak  (dark  gree n)
Achene development/maturity - Peak  (dark green) 
Leaves stay green
Leaf shedd ing (summ er rest ing)
Dormancy
MpF E
Harvest
Gro wth stage
Dormancy
Re-foli ation
Leaf development/rosette growth
Inflorescence emerge nce 
Flowering - Peak  (dark  gree n)
Achene development/maturity - Peak  (dark green) 
Leaves stay gree n
Leaf shedd ing (summ er rest ing)
MpF E
Harvest
Sowing year - 2013
1 2 3 4 5 6 7 8
Trial 2
JAN FEB MARAP RMAY JUN JUL AUG SE P OCT NOV DEC
9 10 11 12 13 14 15 16 17
Secon d yea r of cultivation - 2014
Sowing  year - 20 12
Second year of cultivation - 2013
Trial 1
15 16 17
JUL AUG
3 4 5 6 7 8
9
JAN FEB MARAP RMAY JUN
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Fig. 1. Growth stages and harvest dates of Tks (spring ﬂowering type) cultivated as biennial crop after spring sowing over a time period of 17 months (MpFE − months post
ﬁeld  emergence) at the experimental station of the Julius Kühn-Institute, Quedlinburg, Germany (DE) developed from the information of two trials.
F  (a), ro
n d seas
a
m
n
s
tig. 2. Growth stages of Tks as a biennial crop. First season: 14-days-old seedlings
on-ﬂowering (d), the peak of ﬂowering (e), summer resting (f),: ﬂowering. Secon
chene  maturity (i). Pictures: JKI, Kreuzberger 2013–2014.ately 40 days after the start of FE (Fig. 2c). The residual plants did
ot show any sign of inﬂorescence and remained in their rosette
tage (Fig. 2d). Plants showed different growth stages in one plant at
he same time, meaning that there was an overlap of appearance ofsette growth (b), the beginning of ﬂowering (c), two ﬂowering types − ﬂowering,
on of trial 2: re-foliation after dormancy (g), the peak of ﬂowering (h), the peak ofinﬂorescence, ﬂower heads and development of seeds (Fig. 2e). The
peak of ﬂowering, a period when about 50% of the plants ﬂowered,
lasted about four weeks from mid-July to mid-August. Mature seeds
(achenes) appeared about 10–14 days after the start of ﬂowering.
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ndividual plants ﬂowered until the beginning of September. Flow-
ring and achene development was extended about nine weeks in
he ﬁrst season. After the peak of achene maturity plants either
ept their green rosettes (trial 1) or went into a stage of summer
esting (Fig. 2f) characterized by the complete shedding of leaves
trial 2), which lasted until autumn harvest. Dormancy (overwin-
ering) of Tks plants ended with the foliation of new leaves in the
pring of the second year (Fig. 2g). Due to the long and cold winter
f 2012/13 (Table 2), re-foliation in trial 1 was delayed to mid-
pril compared to trial 2 where new leaves showed already at the
eginning of March. Simultaneously with re-foliation also inﬂores-
ence became visible. In the second year ﬂowering started ﬁve (trial
, mid-May) to 13 weeks (trial 2, end-March) earlier than in the
owing year and lasted about eight and six weeks in trial 1 and 2,
espectively (Fig. 2h). All of the plants ﬂowered during the second
eason (Fig. 2i). After ﬂowering plants either went into a stage of
ummer resting (trial 1) or maintained green leaves until autumn
arvest (trial 2)..2. Field emergence and plant densities
First seedlings emerged 44 and 64 DaS in trial 1 and 2, respec-
ively (Fig. 3a) at the beginning of May. FE started in both yearsFig. 4. Mean air temperature, soil temperature and rainfall during the period of
sowing and ﬁeld emergence (FE) in spring 2012 (trial 1) (a) and 2013 (trial 2) (b).
when average soil temperature had reached 15 ◦C and a sum of
25 mm  (trial 1) and 39 mm (trial 2) of rainfall was  reached with
three to four rainfall events a week prior to the day when ﬁrst
seedlings became visible (Fig. 4a, b). However, the pattern of FE
differed between the trials. In trial 1 no more than three to four
seedlings per meter emerged from the beginning (Fig. 3a). In trial
2, FE lasted 21 days and peaked with 57 plants m−1 at 85 DaS at the
start of June.
In trial 1, plant density at harvest after the ﬁrst season (5 MpFE)
was congruent with the number of plants counted during the period
of FE (Fig. 3b). In trial 2, a plant density of 25 plants m−1 was
observed at the end of the ﬁrst season. There were about 50% less
plants than counted during FE. In both trials, plant densities at the
start of the second season (10–12 MpFE) were equal to the previous
autumn. However, in trial 2 there was  a signiﬁcant trend of plant
losses during the second season. Plant density nearly halved from
22 to 11 plants m−1 until the end of the second season. The varying
plant densities observed at all harvesting dates and the interdepen-
dency of all further yield parameters hindered a direct comparison
of absolut yield parameters between the two trials. Hence, it was
decided to present the data for the two trials seperately.
3.3. Root and leaf yield
For fresh root yield no signiﬁcant trend over time could be
observed in trial 1 (Fig. 6a), it ranged indifferently from 1.3 to
1.9 t ha at all harvest dates. In trial 2, a steady and signiﬁcant
increase of fresh root yield was  observed during the second sea-
son starting with re-foliation (10 MpFE) to the end of ﬂowering (16
MpFE). Fresh root yield in trail 2 was  signiﬁcantly higher than in
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tig. 5. Roots of Tks at different harvest dates. The end of ﬁrst season (a), second sea
ith  coagulated rubber (d), at the end of second season (e). Pictures: JKI, Kreuzberg
rial 1, ranging from 2.2 to 3.7 t ha−1. Dry root yield increased sig-
iﬁcantly from re-foliation (trial 1–12 MpFE, trial 2–10 MpFE) until
6 MpFE in both trails (Fig. 6b). While there was no distinct trend in
he development of fresh root weight per plant in trial 1, there was
 signiﬁcant increase over the second season from full ﬂowering
13 MpFE) until the end of the second season in trial 2 (Fig. 6c). Dry
oot weight per plant increased continuously over the second sea-
on until autumn in both trials (Fig. 6d). It was distinct that in trial
 both fresh and dry root weight per plant were signiﬁcantly higher
han in trial 2. The average dry root weight of a plant was  6.8 and
.5 g at the end of the second season in trial 1 and 2, respectively.
In both trials, fresh leaf yield increased during the second season
ntil the peak of ﬂowering (trial 1–13 MpFE, trial 2–12 MpFE) and
rom there on declined signiﬁcantly until autumn (Fig. 6e). Simul-
aneously with the decline of fresh leaf yield, the root to shoot ratio
ncreased (Fig. 6f) and reached 0.7 and 0.5 at the end of the second
eason in trial 1 and 2, respectively.
.4. Rubber concentration, content and expected rubber yieldRubber concentration increased signiﬁcantly from the end of
rst season (5 MpFE) until re-foliation in trial 1 (12 MpFE) and until
he peak of ﬂowering in trial 2 (12 MpFE) (Fig. 7a). Rubber concen-t the peak of ﬂowering (b), the end of ﬂowering (c) showing loss of outer root layer
2–2013.
tration peaked at 9.1 and 8.4 mg  per 100 mg  dwt−1 starting from 3.6
and 4.0 mg per 100 mg  dwt−1 in the ﬁrst autumn in trial 1 and 2,
respectively. After this peak, rubber concentration steadily declined
until the end of the second season. For expected rubber yield, there
was a signiﬁcant increase from the ﬁrst autumn until the end of
ﬂowering (14 MpFE) in both trials (Fig. 7b). At that time expected
rubber yield reached a maximum with at 31.8 and 62.1 kg ha−1
in trial 1 and 2. Rubber content was signiﬁcantly increased at re-
foliation compared to the ﬁrst autumn in trial 1 (Fig. 7c). There, a
maximum rubber content of 369 mg  dry rubber per dry root was
reached which did not change signiﬁcantly anymore over the sec-
ond season. In trail 2, this maximum was achieved at 193 mg  in the
second autumn (17 MpFE).
3.5. Inulin concentration, content, expected inulin yield and
quality
The temporal trend of inulin concentration was similar in both
trials (Fig. 8a). It decreased signiﬁcantly from ﬁrst autumn (5
MpFE) to the start of re-foliation (trial 1 – 12 MpFE, trial 2 – 10
MpFE) to a minimum of 5 mg  per 100 mg  dwt−1 on average, and
from there on increased continuously to a maximum of 29 mg  per
100 mg  dwt−1 on average until the end of ﬂowering (16 MpFE).
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fter that, inulin concentration signiﬁcantly (trial 1)/slightly (trial
) declined. The time course of expected inulin yield basically
ollowed the described pattern of inulin concentration. Expected
nulin yield peaked at 128.0 kg ha−1 (14 MpFE) and 209.2 kg ha−1
16 MpFE) in trial 1 and 2, respectively (Fig. 8b). In trial 1, the
easonal pattern of inulin content followed the trend of inulin con-
entration, ranging from 214 to 1498 mg  inulin per dry root. In trial harvest dates at different months post ﬁeld emergence (MpFE) within trials (trial
2, there appeared to be an increase of the inulin content until the
end of the second season to 898 mg  inulin per dry root (Fig. 8c).
The DP value of inulin had a similar seasonal pattern in both trials
(Fig. 8d), but differed quantitatively. In both trials DP appeared to
decrease from 17 and 20 in the ﬁrst autumn to about 8 and 15 at re-
foliation in trial 1 and 2, respectively. From there on, the DP  value
increased signiﬁcantly to a maximum of 31 during summer resting
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16 MpFE) in trial 1 and to 21 until the end of ﬂowering (14 MpFE)
n trial 2.
. Discussion
This study is the ﬁrst to describe the growth stages of an avail-
ble wild Tks population over two seasons under ﬁeld conditions
Fig. 1, Fig. 2). For this, in two trials, each covering two  growth
easons, the study observed the growth stages of Tks at one site,
 loamy soil in central Germany, established by sowing. The study
eveals the challenge of the reliable establishment of wild Tks in the
eld by sowing (Fig. 3) and may  be an important reference for esti-
ating yields of cultivated wild Tks. Important data on the absolute
iomass yield, rubber and inulin were collected from more than just
ndividual plants and the seasonal dependency of all parameters
as shown (Figs. 6–8).
.1. Life cycle of Tks – consequences for breeding and seed
roduction
The observations made during the documentation of the growth
tages in Tks (Fig. 1) have consequences for further seed pro-
uction and breeding approaches. In the year of sowing, plants
etained their speciﬁc growth stages (rosette growth, ﬂowering,
chene development) over similar periods of time in both trials.
owever, depending on weather conditions during the summer
onths, plants either kept their leaves (trial 1) after the end of
owering or went into a stage of summer resting (trial 2), losing
heir leaves and ﬂower heads completely (Fig. 2f). This observation
as also made in the two-year old plants of trial 1. It is postu-
ated that the overall higher temperatures in June (+1 ◦C) and July
+2.1 ◦C) in the year 2013 and the signiﬁcantly lower rainfall dur-
ng these months (June: −111 mm;  July: −58 mm)  compared to the
ear of 2012 (Table 2) induced the summer resting of the plants
tarting at the end of July. It appeared that summer drought caused
lants to shed their leaves and ﬂower buds. Soviet studies called
his phenomenon “summer dormancy” in Tks (Scarth et al., 1947).
hey stated that it was enforced by “unfavorable conditions” such as
rought which is congruent with the observations of this study. In
ontrast, summer dormancy is hitherto deﬁned as an intrinsic trait
ndependent from environmental conditions (Volaire and Norton,
006).
In the Tks population, two types of individuals could be classi-
ed according to their ﬂowering habit in the sowing year. While
n its natural habitat Tks generally ﬂowers in the second year
Poddubnaya-Arnoldi, 1939), in this study it was observed that
5–97% of plants ﬂowered in the sowing year. Only a small percent-
ge did not show inﬂorescence in the ﬁrst year. However, all of these
lants ﬂowered in the second year (Fig. 2d) indicating that a small
ercentage of individuals needed vernalization (Hodgson-Kratky
t al., 2015). Further research should focus on the relationship
etween ﬂowering habit and yield in order to deﬁne further breed-
ng aims. Older studies describe a difference in root and rubber yield
etween the two ﬂowering types and suggest the ﬂowering habit
s a breeding trait (Krotkov, 1945). According to this source, ﬂow-
ring plants develop a higher fresh root weight and produce less
ubber than non-ﬂowering plants.
With regards to seed purity, in the region of the trial site it is
uggested to harvest seeds only from ﬁrst-year plants since the
owering period of Tks is delayed about one month compared
o native Taraxacum sp. It diminishes the risk of possible hybrid
rogeny between Tks and native dandelions. In the second year this
isk is increased since native Taraxacum sp. and Tks ﬂower simul-
aneously. However, data on the hybridization success of native
andelions with Tks are not available yet.gronomy 80 (2016) 66–77
4.2. Establishment of a dense Tks stand in the ﬁeld is the major
challenge
Early investigators already deplored the difﬁculty of low ﬁeld
emergence and establishment of a dense Tks crop by sowing
(Ulmann, 1951; Whaley and Bowen, 1947). The same challenges
were faced in this study. The two  trials of this study showed that a
fast and even FE of Tks could not be achieved. From the sowing date
to the start of FE it took about 40 days in both trials (Fig. 3a, b). In
2013 the period of FE lasted 21 days. Russian and American stud-
ies emphazised the crucial role of moist soil conditions for prompt
and even germination of Tks seeds (Whaley and Bowen, 1947).
They did not mention critical values for the amount of rainfall or
soil moisture needed for germination, however, it was  mentioned
that germination in Tks starts between 5 and 10 ◦C and increases
with rising temperatures. In this study seedlings emerged when soil
temperatures reached/exceeded 15 ◦C and when there were 25 mm
or more of rainfall a week in advance to FE (Fig. 4a, b). In trial 2,
40 mm of additional rainfall after the emergence of ﬁrst seedlings
and shallow sowing depth extended the period of FE over 20 days.
The establishment of a dense stand failed in trial 1. In 2012, out of
100 germinable seeds only 4% were able to produce viable seedlings
(Fig. 3a). Plant densities of three plants m−1 were equivalent to a
stand of about 60,000 Tks plants ha−1 under the described exper-
imental conditions (Fig. 3c). In trial 1, seeds were placed at about
1.5 cm depth which was  most likely too deep. Russian studies sug-
gested a sowing depth of 0.5–1.0 cm (Whaley and Bowen, 1947).
Since primary germination tests on ﬁlter paper showed a germi-
nation rate of 77% and planting density was calculated on 100%
germinable seeds (Table 1), it was concluded that seeds owned poor
seed vigor and therefore were not able to penetrate the soil surface.
To increase plant densities in the second trial, seed amount per
meter was  increased from 100 to 388 germinable seeds (Table 1)
and planting depth was  reduced to 0.5–1.0 cm. These measures
enhanced the establishment of a signiﬁcantly higher number of
plants during FE in trial 2 (Fig. 3b). There was  an increase of the
number of plants gained from germinable seeds to 15% (Fig. 3b)
which most likely resulted from the reduction of sowing depth. The
increase of the total seed amount and higher FE in trial 2 resulted
in a plant density of 25 plants m−1 at the end of the ﬁrst season
(Fig. 3d) which is equivalent to about 500,000 plants ha−1. Inter-
estingly, this was  only about 50% of the plants counted at FE which
implies that still a signiﬁcant number of plants was lost over the
summer, propably due to the drought period which had also caused
summer resting. While the winter period did not cause any plant
losses in both trials (Fig. 3c, d), in trial 2 plant density halved to
11 plants m−1 (equivalent to 225,000 plant ha−1) until the end of
the second season (Fig. 3d). Russian scientists suggested a sowing
density of 2 kg ha−1 and a plant density of up to 1 million plants
ha−1 after one season (Ulmann, 1951). In this study 1.3 kg ha−1
(trial 1) and 5.0 kg ha−1 (trial 2) were used but plant densities
were far below these suggestions. According to the observations
of this study these data need further re-evaluation. Plant density
at harvest is the result of a complex interplay of plant material
available (germination rate, seed vigor), sowing density, ﬁeld emer-
gence (depending on e.g. plant material, environmental conditions,
sowing technique, seed treatment), plant losses over season and
intended root size.
4.3. Expected root yield from wild Tks
This study investigated the seasonal trends of Tks biomass yield,
rubber, and inulin in wild Tks under ﬁeld conditions. Establish-
ment of Tks in the ﬁeld by sowing and not by transplanting was
chosen since it is less cost-intensive and more practical for large-
scale production of Tks in the long-term. The data contains valuable
M.  Kreuzberger et al. / Europ. J. A
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Since dry root yield of Tks was low (Fig. 6b), also expected rub-est dates at different months post ﬁeld emergence (MpFE) within trials (trial 1:
apital letters, trial 2: small letters) according to Tukey HSD test (p < 0.05).
nformation about the recent yield performance of wild Tks in
he ﬁeld under different environmental conditions, and is a good
tarting point for the later comparison with future bred Tks lines.
urthermore it provides suitable harvest dates for Tks roots for
ubber and inulin production.
The achieved plant density at harvest in Tks was highly cor-
elated with the absolute performance of the yield parameters ingronomy 80 (2016) 66–77 75
the two  trials. In trial 1, the crop stand was  loose compared to the
relatively dense crop in trial 2 (Fig. 3b). Consequently, fresh and
dry root yield were about 66 and 65% higher in trial 2 (2.8 and
0.68 t ha−1) than in trial 1 (1.3 and 0.31 t ha−1) at the end of the ﬁrst
season (Fig. 6a, b). However, higher plant density of about 87% in
trial 2 compared to trial 1 did not result in linearly increased root
yield. In trial 1, individual roots had about 69% more fresh and dry
root weight (18.5 and 4.6 g) than in trial 2 (5.8 and 1.4 g) after the
ﬁrst season (Fig. 6c, d). The higher root yield per plant in trial 1
could be a result of both lower plant density (and less intraspeciﬁc
competition) and more favorable weather conditions for biomass
development during 2012 were there were about 90 mm  more rain-
fall from June to October than in 2013 (Table 2). Interestingly, in
trial 2 a signiﬁcant increase of fresh and dry root weight per plant
(Fig. 6c, d) was observed during the second season simultaneously
with a signiﬁcant decrease of plant density (Fig. 3b). Either indi-
vidual plants were able to develop more biomass due to signiﬁcant
plant losses or signiﬁcant plant losses resulted from the dominant
development of individual plants (self-thinning).
Soviet researcher described an increase of fresh root yield during
the second season (Ulmann, 1951) which could only be observed
in trial 2 in this study (Fig. 6a). However, in both trials there was
a signiﬁcantly increasing trend of dry root yield from re-foliation
until the end of the second season (Fig. 6b) which corresponds with
earlier reports (Whaley and Bowen, 1947; Duff et al., 1943). Dry root
yield increased in both trails about 46% during that time. The same
but more distinct trend was visible for the development of the dry
root weight per plant in both trials (Fig. 6d). While in trial 1 dry
root weight per plant increased about 40% from 4.1 to 6.8 g from
re-foliation (12 MpFE) to the end of the second season (17 MpFE),
in trial 2 this increase was  even more pronounced with 71% from
1.0 to 3.5 g during the same period.
4.4. Expected rubber yield from wild Tks and recommended
harvest time
There was  a signiﬁcant seasonal dependency of rubber concen-
tration (Fig. 7a). Rubber concentration increased during the second
season compared to the ﬁrst autumn. In trial 1, maximum rub-
ber concentration was 9.1 mg  per 100 mg  dwt−1 at re-foliation (12
MpFE) with 61% more than the previous autumn. In trial 2 rub-
ber concentration peaked at 8.4 mg  per 100 mg dwt−1 at the end
of ﬂowering (14 MpFE) with 52% more than the previous autumn.
This signiﬁcant increase of rubber concentration after winter until
the end of ﬂowering during the second year was also observed
in earlier studies (Ulmann, 1951). After that a decrease of rub-
ber concentration was  described which was also observed in this
study. The seasonal pattern of rubber concentration was  consistent
for both trials. However, this study also showed that the point of
rubber decline during the second year might not only depend on
growth stage but also on environmental conditions since in trial 2
this decrease was  delayed about two months compared to trial 1
(Fig. 7a). The decrease of rubber concentration is due to the loss
of the outer root layer during that time which contains the accu-
mulated rubber of the previous season (Ulmann, 1951) and which
was clearly visible during this time (Fig. 5c, d). Hence, it might be
crucial to initiate rubber harvest before losing rubber with the old
root tissue. Even though it is assumed that newly developed root
tissue also accumulates rubber until harvest in the second autumn
(Ulmann, 1951), in neither of the trials of this study rubber concen-
tration did recover to the original maximum rubber concentration
until the second autumn (Fig. 7a).ber yield of Tks was low (Fig. 7b). The rubber concentration of
3.6–4.0 mg  per 100 mg  dwt−1 after the ﬁrst season was in a similar
range measured in wild Tks decades ago (Ulmann, 1951). However,
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doot−1) (c), and degree of polymerization (DP) value (d) over 17 months in two tria
nd  95% conﬁdence intervals (error bars). Different letters indicate signiﬁcant diff
rials  (trial 1: capital letters, trial 2: small letters) according to Tukey HSD test (p < 0
he expected maximum rubber yields of 32 and 62 kg ha−1 at the
nd of ﬂowering (14 MpFE) in trial 1 and 2 during the second sea-
on were still below the expected rubber yield of 73–122 kg ha−1
alculated for second year-Tks stands in earlier studies (Whaley
nd Bowen, 1947) and many-fold below the rubber yield of the
evea tree, producing 1.5–3 t ha−1 and year (Van Beilen and Poirier,
007a). The molar mass distribution of the polymer was  measured
y size exclusion chromatography (see Schmidt et al., 2010). No
igniﬁcant variances were detected between the harvesting dates
ith values for Mn  of about 5–6 × 105 g/mol and 1.7–2.26 g/mol for
w,  respectively. These values are in line with earlier ﬁndings for
ks rubber (reviewed in Van Beilen and Poirier, 2007b). Hence, from
he perspective of maximum rubber yield it might be favorable to
arvest Tks roots at the end of ﬂowering during the second season
or rubber production.
.5. Expected inulin yield and quality from wild Tks and
ecommended harvest time
As for biomass yield, rubber concentration and expected rubber
ield there was also a signiﬁcant seasonal dependency observable
or inulin concentration (Fig. 8a), expected inulin yield (Fig. 8b,
) and inulin quality, measured as DP value (Fig. 8d), in both
rials. First, there was a signiﬁcant decrease of inulin concentra-
ion, starting from 27 mg  per 100 mg  dwt−1 (trial 1) and 15 mg  per
00 mg  dwt−1 (trial 2) at the ﬁrst autumn (5 MpFE) and declin-
ng to 5 mg  per 100 mg dwt−1 at re-foliation (Fig. 8a). This was a
ecrease of about 81% (trial 1) and 62% (trial 2) in inulin concen-al 1: 2012-2012, trial 2: 2013–2014). Figures show mean of six experimental plots
s between harvest dates at different months post ﬁeld emergence (MpFE) within
tration during that time period. It implies that inulin was utilized
during winter dormancy for the maintenance of basic root func-
tions as described for chicory roots (Baert, 1997). From there on
inulin concentration increased signiﬁcantly until the end of ﬂow-
ering (14 MpFE) and peaked with 29 mg  per 100 mg  dwt−1 at 16
MpFE from where it slightly declined until the second autumn har-
vest. This time course was  identical in both trials, even though level
of inulin concentration differed to some extent between the trials.
The seasonal pattern of expected inulin yield was  identical to the
time course of inulin concentration (Fig. 8b). As for expected rub-
ber yield there was  a difference in the level of expected inulin yield
between the trials. Expected inulin yield of trial 2 was  signiﬁcantly
higher than in trial 1, resulting from higher achieved plant density
and higher root yield. Total amount of inulin per root was  signif-
icantly higher during trial 1 (Fig. 8c) since individual root weight
was signiﬁcantly higher than in trial 2 (Fig. 6d).
Simultaneously with the decrease of inulin concentration, the
DP values at re-foliation (trial 1 – 12 MpFE, trial 2 – 10 MpFE)
appeared to decrease compared to the ﬁrst autumn (Fig. 8d).
Decreasing DP values reﬂect the degradation of inulin into low-
molecular sugars for overwintering and re-foliation in spring. From
re-foliation DP value increased signiﬁcantly to the end of ﬂowering
(14 MpFE) in both trials to 16 (trial 1) and 21 (trial 2) indicating a re-
start of polymerization of inulin from fructose and glucose during
the second season. However, DP values during the second season
did not exceed DP values of the ﬁrst autumn. Hence, from the per-
spective of maximum inulin yield and high inulin quality it might
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URL 1: http://www.continental-reifen.de/autoreifen/media-
services/newsroom/taraxagum, last accessed: 30.05.2016.
URL 2: http://www.gizmag.com/russian-dandelion-guayule-
latex/23362/, last accessed: 30.05.2016.M.  Kreuzberger et al. / Euro
e favorable to harvest Tks roots at the end of ﬂowering (14 MpFE)
uring the second season for inulin production.
However, expected inulin yields from Tks were low compared to
hicory (Fig. 8b). Average inulin concentration of Tks in ﬁrst autumn
xceeded or was equal to inulin concentration in chicory roots
Baert, 1997). However, expected inulin yields with a maximum
f 128–209 kg ha−1 in trial 1 and 2 in Tks were not comparable to
nulin yields attainable with chicory roots where up to 8000 kg ha−1
an be harvested (Amaducci and Pritoni, 1998; Baert, 1997). Low
xpected inulin yield of Tks resulted from low root biomass yield.
f inulin yields were higher Tks inulin could be an interesting by-
roduct since in this study wild Tks proofed to have an average
P value of more than 15 in the ﬁrst autumn (5 MpFE) and at the
nd of ﬂowering during the second season (14 MpFE) and reached
xceptionally even a maximum value of 31 in trial 1 (Fig. 8d). Since
he DP value is the common quality criterion of commercial inulin
nd native chicory inulin has an average DP of 10–20 (Flamm et al.,
001), from the results of this study it is concluded that Tks inulin
ould be regarded as a suitable source for high quality inulin
.6. Conclusions
From the results of this study it is concluded that it is essential
o improve biomass yield in Tks. The roots of the investigated pop-
lation of wild Tks contained high amounts of natural rubber and
nulin during at the end of ﬂowering in the second season. From the
P values it is concluded that inulin of Tks was of high quality. This
ffers the option to a simultaneous multiple usage of harvested Tks
oots for rubber and inulin production. An increase of biomass yield
an be achieved by breeding high-yielding cultivars and by agro-
omic measures, improving ﬁrst of all ﬁeld emergence and crop
stablishment. All yield parameters (biomass, rubber, inulin) could
.g. already be doubled if inter row-distance was halved. Between
ow-distance can only be reduced if suitable (chemical) weed man-
gement in Tks is available.
The life cycle of Tks as a perennial plant makes it both a candi-
ate for the cultivation as an annual or biennial crop. Many aspects
uch as future root yields in annual Tks cultivars, dandelion rubber
rice, available weed management and cultivation/harvest tech-
iques have an impact on the decision aside from maximum rubber
nd inulin yields whether to cultivate Tks for one or two seasons.
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